Mangrove forests depend on a dense structure of sufficiently large trees to fulfil their essential functions as providers of food and wood for animals and people, CO 2 sinks and protection from storms. Growth of these forests is known to be dependent on the salinity of soil water, but the influence of foliar uptake of rainwater as a freshwater source, additional to soil water, has hardly been investigated. Under field conditions in Australia, stem diameter variation, sap flow and stem water potential of the grey mangrove (Avicennia marina (Forssk.) Vierh.) were simultaneously measured during alternating dry and rainy periods. We found that sap flow in A. marina was reversed, from canopy to roots, during and shortly after rainfall events. Simultaneously, stem diameters rapidly increased with growth rates up to 70 μm h −1
Introduction
Mangrove ecosystems, once covering more than 200,000 km 2 of sheltered tropical and subtropical coastlines, are critical for the support of biodiversity and many essential ecosystem services, but they are disappearing worldwide at rates between 0.16% and 8.08% per year (Valiela et al. 2001 , Duke et al. 2007 , Hamilton and Casey 2016 , Feller et al. 2017 , reaching an extent of 137,760 km 2 in 2000 (Giri et al. 2011) . While direct anthropogenic actions such as shrimp farming and rice agriculture (Richards and Friess 2016) are the largest cause of recent mangrove decline, climate change is increasingly being regarded as a long-term threat, which may greatly influence global mangrove performance and distribution (Hughes 2003 , Alongi 2008 , Gilman et al. 2008 , Feller et al. 2017 . It has been shown that increases in atmospheric CO 2 concentration may enhance mangrove growth, particularly if sufficient water uptake is possible from the poorly flushed intertidal saline muds that mangroves generally inhabit (Passioura et al. 1992 , Snedaker 1995 , Farnsworth et al. 1996 , Ball et al. 1997 , McKee and Rooth 2008 . However, if elevated CO 2 is combined with increased temperatures, enhanced rates of soil evaporation will cause an increase in soil salinity, thereby reducing root water uptake and dampening expected CO 2 associated enhancements in growth (Ball et al. 1997) . Climate change will also alter patterns in rainfall. A growing body of research highlights that changes in precipitation frequency and intensity affect mangrove growth and species composition, because of associated changes in soil water content and salinity (Snedaker 1995 , Ewe et al. 2007 , Gilman et al. 2008 , Wei et al. 2013 , Santini et al. 2014 . Analysis of tree growth over decades suggests faster growth during wetter periods (Santini et al. 2013 ) and studies of mangrove tree rings confirm that for many mangrove species, stem diameter growth is reduced during the dry season (Verheyden et al. 2004 , Estrada et al. 2008 . In subtropical mangroves in south Florida, 75-90% of the total annual stem diameter increase occurred during the wet season (Krauss et al. 2006) , while for two mangrove species in Micronesia, where mangrove soils remained wet throughout the year, no distinct seasonal pattern in stem diameter growth was observed using low frequency temporal measurements (Krauss et al. 2007 ). More recently, highfrequency temporal stem diameter measurements showed that during rain events, there was an instant and large increase in stem diameter of grey mangrove (Avicennia marina (Forssk.) Vierh.) trees in Gazi Bay, Kenya (measured with point dendrometers, Robert et al. 2014 ) and in Eastern Australia (measured with band dendrometers, Santini et al. 2014 ). These studies collectively indicate that seasonal (and inter-annual) patterns of rainfall play an important role in determining the mangrove water balance and growth.
So far, rainfall is mainly expected to impact mangrove forests via the soil, through soil salinity reduction and soil temperature decrease, and by altering the atmospheric conditions by increasing air relative humidity and lowering air temperature (Robert et al. 2014 , Santini et al. 2014 , Reef and Lovelock 2015 . A less saline soil (i.e., less negative soil water potential) facilitates root water uptake, while reduction of the atmospheric water demand reduces transpiration. Both factors are known to positively affect tree water replenishment and hence rehydration of living cells, and therefore these soil and atmosphere-related causes associated with rainfall have consistently been used to explain the observed rapid increases in stem diameter of A. marina following rainfall (Robert et al. 2014 , Santini et al. 2014 . Recent studies, however, have revealed an additional means of tree (re)hydration and water replenishment of the stem: foliar water uptake, the movement of water coalesced on the leaf surface into the leaf. To date, leaf wetting and associated foliar water uptake during fog and dew events have been widely demonstrated to positively impact and improve plant water status in many species (at least 70) in different seasonally dry ecosystems (Limm et al. 2009 , Limm and Dawson 2010 , Goldsmith 2013 , Oliveira et al. 2014 , Tognetti 2015 , Baguskas et al. 2017 , and references therein). In addition, foliar absorption of intercepted rainfall has been reported during drought in dryland ecosystems (Breshears et al. 2008) . So far, only speculation exists about rainfall events leading to foliar water uptake in mangrove forests resulting in radial stem growth (Reef and Lovelock 2015) .
In this study, we aimed at investigating under field conditions in Australia how rainfall events and associated uptake of rainwater by the canopy cause instant stem diameter increases in A. marina. We, therefore, used sensors on trees to continuously track a series of metrics (Figure 1 ), resulting in information on tree functioning. By linking data from these sensors to data from a mechanistic tree model, our working hypothesis on turgordriven stem growth was tested. Two main questions were addressed: (i) do rainfall events lead to foliar water uptake in A. marina and (ii) does direct uptake of canopy rainwater cause turgor-driven growth spurts in A. marina? Our specific working hypothesis was that if canopy rainwater is taken up by A. marina, rainfall-induced changes in tree water status and associated turgor-driven stem growth will occur (Figure 1 ).
Materials and methods

Study site
Our study site was located along the banks of the Brisbane River (Brisbane, Queensland, Australia; 27°30′S-153°01′E), 30 km Tree Physiology Volume 38, 2018
upstream from the river mouth into Moreton Bay (Lovelock et al. 2011 ; Figure 2 ). The site is subjected to semidiurnal tides, flooding the site twice a day. The region has a subtropical climate with wet, humid summers. The study site was dominated by trees of the grey mangrove A. marina (Forssk.) Vierh., which were up to 20 m in height with an understory of smaller 2 m high Aegiceras corniculatum (L.) Blanco shrubs. Four A. marina trees of different size were chosen for the experiment with respective diameters at breast height (DBHs) of 0.29 (Tree 1), 0.20 (Tree 2), 0.205 (Tree 3) and 0.10 m (Tree 4) (Figure 2 ). The experimental data were gathered during spring from 17 October (day of year DOY 290) to 16 December (DOY 350) 2010, which was before A. marina's peak leaf production during the summer months (Duke 1990 ).
Environmental measurements
Ambient temperature and relative humidity of the air were measured inside the canopy and recorded every 10 min at 2 m above soil surface (EnviroStation, ICT International, Armidale, NSW, Australia; Figure 2 ). Solar radiation and rainfall were measured every hour at the weather station of the St Lucia campus (University of Queensland) at a distance of <1 km from the study site. Vapour pressure deficit (VPD, kPa) was calculated from measured air temperature and relative humidity according to Buck (1981) . Groundwater salinity was recorded every 10 min with an in situ pressure transducer (Aqua Troll 200, In-Situ Inc., Fort Collins, CO, USA) installed in a well located close to the measured trees at a depth of 0.89 m below the soil surface to ensure constant water immersion. Actual measured soil water conductivity (AC in mS cm Tree measurements Sap flux density was measured at breast height with the heat ratio method (HRM, ICT International) on the four A. marina study trees (Figures 1 and 2 ). We opted to use HRM sensors (seven in total) because of their ability to measure slow and reverse rates of flow expected during rainfall events. Each study tree was equipped with two HRM sensors, one on each side of the tree (N and S), with the exception of Tree 2 having only one sensor on the south side. Each HRM sensor emitted heat pulses every 10 min and recorded sap flux density (V s , cm 3 cm
) at radial depths of 7.5 and 22.5 mm (measured from the outside of the tree) according to the following equation (Burgess et al. 2001) : ) and V h is the measured heat pulse velocity (cm h −1 ). Thermal diffusivity was 0.0031 cm 2 s −1 (calculated as described by Burgess et al. 2001) , the wound correction coefficient B was 1.7585, and averaged values (n = 4) for basic wood density and water content for A. marina were 0.396 ± 0.130 g cm −3 and 0.48 ± 0.12, respectively.
Whole-tree water use was estimated by converting average sap flux density per study tree to sap flow (F(stem), g h −1 ) using stem diameter measurements and sapwood depth. Sapwood depth was determined by injecting toluidine blue before sunrise into the stem through holes made by an increment borer, and taking wood cores after sunrise (after 1-2 h) above the dye injection point, which were coloured by the dye as it moved up in the transpiration stream (Van de Wal et al. 2015) . When overall mean predawn sap flow fluctuated around zero, no correction was applied to the baseline of the sensor, as this pointed to no or very small probe misalignment (Burgess et al. 2001 ). For two sensors where a small positive offset did occur, a linear translation was performed to establish a new The photo shows the field site, and the instrumented study Tree 1.
Tree Physiology Online at http://www.treephys.oxfordjournals.org zero baseline in agreement with the predawn zero sap flow of the other five sensors. Sap flow data were analyzed with the Sap Flow Tool software package (ICT International -Phyto-IT, Mariakerke, Belgium). Each study tree was further equipped with a band dendrometer (DRL26 logging band dendrometer, ICT International), recording stem diameter every 10 min at breast height (below the sap flow sensors), from which stem diameter variations (D, m) were derived (Figures 1 and 2 ). Temperature correction of the dendrometer signals was not needed, because changes in temperature do not have a significant impact on the operation of the DRL26 (Vandegehuchte et al. 2014) .
For one tree (Tree 1), stem water potential (Ψ(stem), MPa) was recorded every 10 min with a factory-calibrated stem psychrometer (PSY-1 stem psychrometer, ICT International) (Figures 1 and 2) . To minimize the effect of external temperature variations and to ensure thermal homogeneity, the sensor was insulated with foam and wrapped in aluminium foil.
Mechanistic tree modelling
The mechanistic flow and storage model, originally developed by Steppe et al. (2006 Steppe et al. ( , 2008 , and refined by De Pauw et al. (2008) to better describe drought stress conditions, was further modified to include foliar water uptake and was applied to enable the assessment of xylem (Ψ(stem), MPa) and storage (Ψ s (stem), MPa) water potential dynamics based on sap flow ) between xylem and storage in the stem, and quantify turgor pressure in the stem storage tissues (ψ p s , MPa)
to distinguish between reversible stem shrinkage/swelling and irreversible radial stem growth (De Swaef et al. 2015 ). In the model, irreversible radial stem growth is based on Lockhart's (1965) ), ψ p s is the turgor pressure (MPa) and Γ is the turgor threshold above which wall yielding occurs (MPa). The stem is modelled as two coaxial cylinders separated by a 'virtual' membrane, representing the membranes and cell walls of cell layers participating in water flow between the overall system of extensible storage tissues and the rigid xylem (Steppe et al. 2012) (Figure 3 ). Radial water flow to and from the stem storage compartment (f(stem) = dW(stem)/dt) is calculated from the difference between incoming and outgoing flows. In this model, F(roots) is the incoming water flow, derived from the transport-resistance electric analogue concept of van den Honert (1948) , and measured F(stem) is the outgoing flow. If measured F(stem) is negative, foliar water uptake (FWU) contributes to f(stem). Values of f(stem) are negative when water is withdrawn from the stem storage pool and positive when the storage pool is refilled. This radial exchange of water between xylem and storage causes changes in stem water content (W(stem), g), and hence in ψ p s (see black/bold arrow in Figure 3 ). If ψ p s is smaller than Γ, variations in D only reflect reversible stem shrinkage/swelling. If ψ p s is larger than Γ, irreversible turgor-driven radial stem growth occurs according to Lockhart's (1965) equation (Eq. (3)), in addition to shrinkage/ swelling. The basic model equations are shown in Figure 3 . For a more detailed explanation of the principles of the model, see Steppe et al. (2006 . Measurements of F(stem) were used as input for the model, and D and Ψ(stem) were used for model calibration. The model was calibrated for Tree 1 (because of the Ψ(stem) measurements) during a period with night-time rainfall (DOY 296-299) and a period with daytime rainfall (DOY 306-311) (calibrated parameters in Figure 3 ). For each period, simulations with FWU (actual F(stem) measurements with values <0) and without FWU (fictitious F(stem) data with values >0) were performed to assess the differences in water potential dynamics and turgordriven radial stem growth under rainfall conditions. The model was implemented, simulated and calibrated using the plant modelling software PhytoSim (Phyto-IT BVBA), and is available upon request.
Results
The grey mangrove A. marina showed spectacular spurts in stem diameter increase, resulting in a discontinuous pattern in stem diameter increments for which the peaks coincided with high rainfall events (Figure 4c: DOY 298, 308, 322, 335, 338, 341, 346) . These peaks in diameter increments resulted in increases up to 4.7 times the maximum difference between daily shrinkage and night-time swelling, and this occurred within only a few hours. During these exceptionally large spurts in diameter increase of up to 70 μm h −1 , measured sap flow was negative (Figure 4b ), whether rain occurred in the day or night (Figure 5 ). Over a period of 2 months (i.e., DOY 290-350) during which the stem diameters showed an overall increasing trend, the diameter spurts accounted for 93.6 ± 2.5% of the total net diameter increase for the measured trees (Figure 4c ). The observed spurts in diameter increase could be linked to large rainfall events. During rainfall, VPD and solar radiation were reduced (Figure 4a ). Soil water potential, which was measured up to DOY 318 when the sensor stopped working, remained overall highly negative (−2.4 ± 0.37 MPa), indicating that subsequent rainfall events diluted salt accumulated in the root zone only to a limited extent (Figure 4b) .
While rainfall events influenced the stem diameters, the stem diameter spurts varied in magnitude (Figures 4c and 5 ). Stem diameter increases at night-time were limited during dry periods without rain, resulting in average overall stem growth rates of only 0.077 ± 0.11 μm h −1 . During night-time rainfall periods, however, stem diameter increase was greatly enhanced (up to 70 μm h −1 for Tree 1 on DOY 298), corresponding to a less negative stem water potential (from −1.8 to −0.8 MPa) and negative sap flow (Figure 5a ). Negative sap flow at night-time during rainfall on DOY 298 averaged 82.1 ± 42.2 g h −1
( Figure 6a ). During the day in dry periods, sap flow was generally directed upwards because of the highly negative water potential in the atmosphere (high VPD), but sap flow rapidly reversed and stem water potential increased when it began to rain (Figure 5b and c) . During daytime rainfall on DOY 308 negative sap flow rates of up to 58.6 ± 24.2 g h −1 were measured (Figure 6b ). Despite the total amount of rainfall at DOY 301 (22 mm; Figure 5b ) being higher than at DOY 298 (14 mm; Figure 5a ) and almost equal to the amount at DOY 308 (23 mm; Figure 5c ), the increase in stem diameter was much smaller (65 μm on DOY 301 ( Figure 5b ) compared with 155 μm on DOY 298 and 308 (Figure 5a and c) ). Spurts in stem diameter increase of A. marina (155 μm on DOY 298 and 308; Figure 7b and g) could be simulated with the model when negative sap flow during rain events (Figure 7a and f) caused sufficient radial water flow from the xylem into the storage compartment (black peak in radial flow in Figure 7c (DOY 298) and Figure 7h (DOY 308)) to increase turgor beyond the wall-yielding threshold (Figure 7d and i) . Modelled direct uptake of canopy rainwater increased xylem water potential (Figure 7e and j) , enabling the stem to grow as long as the water potential gradient between xylem and storage caused sufficient radial flow for irreversible cell expansion. Dynamics in xylem water potential could only be accurately simulated when reverse sap flow or FWU was included in the model (Figure 3 ), but not all reversed sap flow resulted in spectacular diameter increases or growth spurts. When sap flow was negative during nights without rain (e.g., DOY 297 in Figure 7a ), simulated water potentials also corresponded well with the stem psychrometer measurements (DOY 297 in Figure 7e) , showing a release in xylem tension similar to what was observed during rainfall events. The small negative flows were, however, insufficient to increase turgor above the threshold required for irreversible radial stem growth (DOY 297 in Figure 7d) .
To assess the alternative mechanism that rainfall slows down transpirational losses and results in stem diameter increases simply by water movement upwards from the roots, a fictitious zero sap flow baseline was assumed by shifting sap flow measurements upward till minimum sap flow was zero (grey line) (Figure 7a and f) . Also in this case turgor increased during rainfall (most pronounced during the day on DOY 308 ( Figure 7i) ), but did not exceed the wall-yielding threshold, preventing radial stem growth to occur (Figure 7b and g ). Radial water flow from xylem to storage was too small to induce turgor-driven stem growth (Figure 7c and h) .
Noteworthy is that modelled water potentials largely overestimated (i.e., too negative night-time values) measured ones when only dynamics in the ascent of water upwards from the roots were considered to explain stem diameter increases. The more accurate model simulations of water potential dynamics when reverse sap flow is taken into account therefore points to the existence of FWU in A. marina, and associated turgor-driven stem growth.
Discussion
High-frequency temporal measurements of variations in tree stem diameter elucidate both irreversible radial stem growth and reversible living-cell dehydration/rehydration patterns (Daudet et al. 2005 , Steppe et al. 2006 , 2015 , De Swaef et al. 2015 . Daytime shrinkage (dehydration) and night-time swelling (rehydration) of the stem are the result of depletion and subsequent replenishment of internal water reserves in the elastic stem tissues, which minimizes temporal imbalances between water loss and uptake (Steppe et al. 2012 ). These day-night patterns are superimposed onto the longer-term growth curves of trees (Steppe et al. 2006 , 2015 , De Swaef et al. 2015 . While the stem diameter of plants is known to gradually increase or decrease depending on water and carbon availability (De Swaef et al. 2013 , 2015 , Figures 4-6 show that for the mangrove A. marina, spurts in stem diameter increase occur, resulting in a discontinuous growth pattern for which the peaks coincide with high rainfall events. These punctuated spurts in stem diameter increase translated into growth rates of up to 70 μm h −1 , which are exceptionally high compared with other trees (Zweifel and Hasler 2001 , Deslauriers et al. 2007 , Biondi and Hartsough 2010 and have, independently from our study, been shown for A. marina in Gazi Bay, Kenya, where they were also clearly linked to rainfall events (Robert et al. 2014) .
During dry periods without rainfall events, sap flow increased shortly after sunrise. The small time lag observed (typically 0.5-1.5 h) is due to the distance between crown and root system. In general, as soon as solar radiation and VPD increase, water vapour is transported from within the tree to the atmosphere. As long as this transpirational water loss exceeds root water uptake from the soil, internally stored water in the elastic tissues is used, resulting in shrinkage of the stem. During the late afternoon, the reverse occurs and the internal water reserves within the stem are refilled, resulting in a stem diameter increase. These diameter increases during dry periods were small (0.077 ± 0.11 μm h −1 ) for A. marina compared with average stem diameter growth rates of 0.9 μm h −1 for full-grown mountain pine (Pinus hartwegii Lindl.) (Biondi and Hartsough 2010) , 2.6 μm h −1 for mature Norway spruce (Picea abies (L.)
Tree Physiology Online at http://www.treephys.oxfordjournals.org Figure 3 . Scheme and mathematical equations of the water flow and storage model for the assessment of foliar water uptake and turgor-driven radial stem growth. The model is run on stem sap flow rate (F(stem)) measurements. If F(stem) is negative foliar water uptake (FWU) is considered. The stem of diameter D is modelled by two coaxial cylinders (xylem and stem storage compartment, respectively) separated by a membrane. The radial flow rate into and out of the stem storage compartment is represented by f(stem). This radial water flow (bold arrow) establishes the link between the submodel for calculating dynamic water transport and the submodel for predicting stem diameter variations. Depending on the value of the pressure potential in the stem storage compartment (ψ p s ), turgor-driven stem growth is included. After Figure 5 in Steppe et al. (2006) , estimated model parameters are indicated with a star (*), and when different between the two selected simulation periods (see Figure 7) , both values are reported. Parameter abbreviations:
Karst.) (Zweifel and Hasler 2001) or 2.1 μm h −1 for Larix decidua L. (Deslauriers et al. 2007) . A low turgor pressure in the living stem tissues at night not exceeding the wall-yielding threshold (Eq. (3)) can explain these limited growth rates (Figure 7d and i; Steppe et al. 2006 . It is known that mangrove trees exclude most of the salt from the transpiration stream when taking up water from saline soils (Ball 1988) , with the high salt concentrations in the soil resulting in a strong osmotic potential. Thus, it is likely that at night, osmotic forcing of the salty soil limits water transport into the storage tissue, hampering the build-up of turgor pressure to cause irreversible stem growth. Growth processes, such as cell formation, cell-wall C(stem) = hydraulic capacitance of the stem storage compartment; l = length of the stem; ϕ = cell-wall extensibility; Γ = a threshold ψ p s at which wall yielding occurs; ε 0 = proportionality constant for the bulk elastic modulus; R S = radial hydraulic resistance; R X1 = axial hydraulic root resistance; R X2 = axial hydraulic stem resistance; W max (stem) = maximum water content of the stem storage compartment; f FWU = fraction of foliar water uptake contributing to turgor-driven stem growth; k(soil) = proportionality constant. Figure 4 . Hourly averages of vapour pressure deficit (VPD) from within the tree canopy and solar radiation (R) from the weather station <1 km away from the study site (a); soil water potential (from DOY 318 onwards, the sensor malfunctioned) and daily sums of negative sap flow of the grey mangrove A. marina, calculated from the average sap flow pattern (n = 4) (b); rainfall and average stem diameter variation (n = 4) of A. marina (c), standard errors are indicated by the grey band.
Tree Physiology Online at http://www.treephys.oxfordjournals.org Figure 5 . Typical observed mangrove tree responses, demonstrating canopy water uptake. Stem diameter (red line), sap flow (blue line) and stem water potential (Ψ stem ) of A. marina (Tree 1) in relation to microclimatic conditions (rainfall, vapour pressure deficit (VPD) and solar radiation (R)) for a night-time rainfall event (a), a short daytime rainfall event (b) and a long daytime rainfall event (c).
expansion and deposition of new wall material, are dependent on this turgor pressure (Boyer 1968 , Hsiao et al. 1976 , Ray 1987 , Proseus and Boyer 2006 and it is the diel course of turgor pressure that can reveal when cell growth is likely to occur (Saveyn et al. 2007 . Cells will expand irreversibly (or grow), when turgor pressure is above a threshold turgor pressure at which wall yielding occurs (Eq. (3)), an idea that has been incorporated into the mechanistic tree model for this study (Figure 3 ). This theoretical background showed that the observed turgor-driven spurts in stem diameter increase during rainfall events are essential for the overall growth of A. marina and, thus, for the productivity of these mangrove ecosystems.
But what causes these spurts in stem diameter increase? Robert et al. (2014) found that the sudden increases they measured did not show a clear relationship to soil water salinity, inundation or wind speed. These authors considered that reduced atmospheric demand during rain events may favour cambial activity and cell water replenishment. It has indeed been shown that during rainfall, transpirational demand decreases which allows the storage tissues to be replenished, resulting in a stem diameter increase and potentially turgor-driven stem growth (Steppe et al. 2006 . In our study, reduced transpirational losses and associated replenishment of the stem by water movement upwards from the roots could not explain the spurts in stem diameter increase (see grey simulation lines in Figure 7 ), implying a different mechanism. Bark water uptake, as observed in coastal redwood branches by Earles et al. (2016) , might be another mechanism to transfer water from bark to xylem, and rehydrate living stem tissue on its pathway. But the direction of radial water movement (from bark to xylem) associated with bark water uptake is opposite to what is needed to increase turgor in the stem storage compartment, and could, therefore, not explain the observed spurts in stem diameter increase in this study. Moreover, reverse flows were consistently observed during these spurts in stem diameter increase (Figure 4b and c) .
It is known that rainfall reduces the salinity of saline soils, which can induce rapid water uptake and increased growth in arid ecosystems (Jolly et al. 2008 ). This, however, implies flow from the roots upwards, which does not explain the reverse sap flow observed in the mangrove trees during and after rainfall events ( Figure 6 ). Large reverse sap flows at night-time have been observed in terrestrial trees during hydraulic redistribution of water from roots or soil layers with less negative water potential to soil layers with a more negative water potential (Nadezhdina et al. 2009 , Oliveira and Christoffersen 2014 . Nevertheless, given the high soil salinity in the root zone (the soil osmotic water potential never rose above −1.8 MPa) and the increased but still negative stem water potential, a clear driving force existed from the rainwater, which covered all parts of the canopy and induced a leaf water potential of approximately −0.1 MPa (Nguyen et al. 2017) , through the stem to the roots. Therefore, the plausible mechanism explaining the reverse sap flow after rainfall is that the canopy directly takes up rainwater and transports it towards the stem and possibly the roots, which adds A. marina to the list of species able to absorb water by leaves from dew, fog or rainfall sources, presumably through Tree Physiology Online at http://www.treephys.oxfordjournals.org hydrophilic cuticles, stomata, hydathodes or trichomes Christoffersen 2014, Nguyen et al. 2017) .
In general, leaf wetting events have been reported to have a negative effect on photosynthesis and growth, because water coalesced on leaf surfaces reduces CO 2 diffusion, but when plants are exposed to dry soils, FWU can be an important source of water for refilling plant tissues (Eller et al. 2013, Oliveira and Christoffersen 2014) . In A. marina, this water largely refilled the The model is run on sap flow measurements (red dots in a and f) to assess tree hydraulics and associated turgor-driven radial stem growth during uptake of canopy rainwater, but is additionally run with fictitious sap flow data (grey line in a and f) to assess the alternative mechanism of decreased transpirational losses during rainfall and associated stem diameter increases. Black model simulation lines are produced with the actual sap flow measurements (red dots in a and f), whereas for the grey model simulation lines fictitious sap flow data with only positive values (grey line in a and f) were used. Measured (red dots) and simulated stem diameter variations (b and g) can be explained by simulated radial water flow between xylem and stem storage compartment (c and h), simulated turgor pressure in the storage compartment and the Γ threshold (dashed line) that must be exceeded to produce irreversible stem growth (d and i), and simulated xylem (thick line) and storage (blue thin line) water potentials with a small time lag between both (e and j). Measured stem water potential (red dots) and measured soil water potential (orange dots) are also shown (e and j).
Tree Physiology Volume 38, 2018 stem during transport and replenished the elastic stem tissues, resulting in turgor build-up and an increase in stem diameter, including radial stem growth whenever turgor pressure exceeded the wall-yielding threshold (Figure 7) . This shows the importance of rainfall as freshwater input for the growth of mangrove forests, confirming our hypothesis (Figure 1) . The differences in magnitude observed in the spurts in stem diameter increase (Figures 4 and 5) further suggested that the duration of the rainy period was more important than the total amount of rainfall. The increase in stem diameter likely depended on how long the canopy remained wet. Short rain pulses led to short periods of reverse flow (e.g., DOY 301 in Figure 5b ), but the amount of water taken up was possibly too small to lead to large stem diameter changes. Higher stem growth rates corresponded to longer rain periods and thus indicate that the duration of rainfall was important to radial stem growth. In addition, the patterns might also be selective and dependent on the time of day that the rainfall event occurs, as has been reported for fog foliar uptake (Berry et al. 2014) , with evening rainfall events (e.g., DOY 301 in Figure 5b ) being potentially less efficient than morning rainfall events (e.g., DOY 308 in Figure 5c ).
The low rates of negative sap flow observed during nights without rain presumably occurred through foliar absorption of atmospheric water (fog, dew), filling the extracellular gas spaces in the leaves and reversing the water potential gradient (Nguyen et al. 2017) . Measured dynamics in stem water potential could only be correctly modelled when these small amounts of FWU were considered, demonstrating that also non-rain-induced reverse sap flow improved the water status of A. marina, but was insufficient to cause irreversible turgor-driven stem growth as was the case during rainfall events (Figure 7) .
Conclusions
This paper has demonstrated that rainfall had only limited impact on the mangrove trees via soil water uptake through reduced salinity, with soil osmotic water potentials remaining negative despite subsequent rainfall events, but directly led to enhanced stem growth through canopy uptake. The ecological implication of our results is that A. marina may need direct uptake of canopy rainwater to be able to grow and survive in their harsh, saline environments (Figure 1 ). In our study trees, rainfall-associated spurts in stem diameter increase accounted for almost 95% of the total net diameter increase over a period of 2 months. Foliar uptake of canopy rainwater causes changes in tree water status and reverses sap flow from canopy to roots. This readily available water source replenishes the living tissues in the stem along its pathway, and ultimately contributes to turgor-driven stem growth. Therefore, rainfall could be of much larger importance to mangrove ecosystems than previously hypothesized. Unlike temperature and CO 2 concentrations, long-term changes in rainfall patterns are more difficult to predict. Although there is clear evidence for an intensification of the global water cycle (Huntington 2006 , Allen et al. 2010 , Min et al. 2011 , Oliveira and Christoffersen 2014 , the extent of local variations in the frequency and intensity of rainfall is uncertain (Allen and Ingram 2002). If we aspire to correctly assess the influence of rainfall on mangrove tree growth and ecosystem functioning, we need to decrease the uncertainty in rainfall predictions and consider canopy water uptake coupled with turgor-driven stem growth in hydrological, ecological and global models.
